NEUROMODULATORY TRANSMITTERS are released in specific behavioral or state-dependent contexts and modify intrinsic or synaptic properties of target cells. Serotonin (5HT) is a prominent neuromodulator implicated in a number of psychiatric disorders, including depression (for review, see Kupfer et al. 2012) . It also plays important roles during neurodevelopment (Lesch and Waider 2012; Suri et al. 2014 ) and modulation of sensory processing (Hurley at al. 2004) .
Serotonergic neurons in the medial and dorsal raphe nuclei project widely throughout the forebrain. They fire tonically at ϳ2-5 Hz during wakefulness, reduce firing during slow-wave sleep, and are silent during rapid eye movment (REM) sleep (Urbain et al. 2006 ). Their firing rates are also modulated by state-dependent behavioral events such as reward and punishment (Jacobs and Azmitia 1992) . Most studies of 5HT modulation have focused on higher brain areas such as cortex, but there is evidence for modulation of response properties in precortical areas, such as in thalamus (Monckton and McCormick 2002) and brainstem primary sensory nuclei (Depuy et al. 1990; Ptak et al. 2009 ).
The olfactory bulb (OB) receives dense serotonergic innervation, particularly from the median raphe to the glomerular layer (McLean and Shipley 1987; Steinfeld et al. 2015) , but relatively little is known about 5HT modulation of glomerular circuits. Glomeruli are the first site of synaptic processing for odorant signals from the olfactory epithelium. Olfactory sensory nerve terminals synapse onto output neurons and mitral and tufted cells (M/TCs). This transfer is strongly regulated by local juxtaglomerular neurons (Pinching and Powell 1971a; Price and Powell 1970; Wachowiak and Shipley 2006 ) that comprise three major classes: external tufted cells (ETCs), periglomerular cells (PGCs), and short axon cells (SACs). ETCs are glutamatergic, exhibit intrinsic pacemaker activity (Hayar et al. 2004; Liu and Shipley 2008) , and provide spontaneous and sensory-evoked input to other glomerular neurons and to M/TC output neurons. PGCs are GABAergic interneurons that are restricted to a single glomerulus (Kiyokage et al. 2010) . SACs coexpress GABA and dopamine and have intraand interglomerular projections linking upwards of 100 glomeruli (Kiyokage et al. 2010; Borisovska et al. 2013; Liu et al. 2013) . Many OB interneurons, including SACs and PGCs form circuits through dendrodendritic synapses (Hinds 1970; Jahr and Nicoll 1982; Masurkar and Chen 2012; D'Souza et al. 2013) . Thus dendrodendritic synapses are potential targets of 5HT neuromodulation (D'Souza et al. 2013; Liu et al. 2015) .
Serotonergic fibers form asymmetric synaptic contacts onto both GABAergic and non-GABAergic cells in glomeruli (Gracia-Llanes et al. 2010) , including SACs (Suzuki et al. 2015) . Early studies of 5HT actions on OB neurons were limited by inability to identify the types of neurons affected. Serotonin was reported to depolarize an unidentified subset of neurons by activation of 5HT 2C receptors (Hardy et al. 2005) , and Petzold et al. (2009) showed that olfactory nerve (ON) terminals are inhibited by presynaptic GABA B receptors via a 5HT 2C receptor-dependent process, implying that 5HT increases intraglomerular GABA release. Serotonin increases the firing and burst frequency rate of ETCs ). Elevated ETC spiking should increase excitatory drive onto MCs, SACs, and PGCs. Additionally, 5HT has been reported to directly depolarize and increase the spike output in some MCs, via 5HT 2A receptors (Hardy et al. 2005) , and to synchronize granule cell-mediated IPSCs (Schmidt and Strowbridge 2014) . 5HT may also act directly on glomerular inhibitory neurons. To investigate this, we recorded the actions of serotonin in identified glomerular interneurons and MCs.
MATERIALS AND METHODS
Animals. All experimental procedures were carried out in accordance with protocols submitted to and approved by the University of Maryland Institutional Animal Care and Use Committee. Mice expressing green fluorescent protein (GFP) in tyrosine hydroxylasepositive cells were obtained by breeding heterozygous Tg(Th-EGFP)21-31Koba-mice (Matsushita et al. 2002) with wild-type C57BL/6 mice, yielding animals heterozygous for the transgene. Mice expressing GFP in GAD65-positive cells were obtained by crossing GAD65_3e/gfp5.5 #30 mice (López-Bendito et al. 2004 ) with wildtype C57BL/6 animals. Wild-type C57BL/6 mice were obtained from Charles River. All animals were maintained with a standard 12-h light-dark cycle and given food and water ad libitum. Experiments were performed on animals between 42 and 70 days old.
Slice preparation. Mice of either sex (6 -10 wk old) were deeply anesthetized with isoflurane and decapitated. Heads were submerged in ice-cold sucrose solution containing the following (in mM): 234 sucrose, 11 glucose, 24 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , and 0.5 CaCl 2 . The brain was exposed and removed gently without applying pressure to the OBs. The OBs and part of the adjacent frontal cortex were glued onto the vibratome stage. Horizontal slices (350 m) were cut with a VT1200s vibratome (Leica) in ice-cold oxygenated (95% O 2 /5% CO 2 ) sucrose-solution and transferred into a holding chamber filled with artificial cerebrospinal fluid (ACSF; in mM: 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 3 PO 4 , 2 CaCl 2 , 2 MgCl 2 , and 10 glucose, equilibrated with 95% O 2 -5% CO 2 , pH 7.4). After a recovery period of 30 min at 32°C, slices were transferred to ACSF at room temperature (22°C) for at least 60 min until they were used for experiments.
Electrophysiological recordings. Slices in the recording chamber were continuously superperfused at 3 ml/min with normal ACSF oxygenated with 95% O 2 -5% CO 2 warmed to 30 -32°C. Cells were visualized using an upright Olympus BX51WI microscope equipped with epifluorescence and near-infrared differential interference contrast optics, a ϫ40 water immersion objective (Olympus Optical), and a CCD 100 camera connected to an HR-120 monitor (Dage). GFPexpressing cells targeted for recordings (SACs or PGCs depending on the genotype of the animal) were visualized using standard epifluorescence excitation/emission filters, while duration and intensity of excitation illumination were minimized. ETCs were identified based on their characteristic large, pear-shaped somata located in the deep half of the glomerular layer and spontaneous bursting (Hayar et al. 2004; Liu and Shipley 2008) . MCs were identified based on their laminar location and large somata. Only MCs that exhibited spontaneous long-lasting depolarizations (LLDs; Carlson et al. 2000; Heyward et al. 2000 ; see below) were used in this study.
Whole cell and cell-attached recordings were obtained using borosilicate glass electrodes (Sutter) with a tip resistance of 3-5 M⍀ (SACs, ETCs, and MCs) or 5-9 M⍀ (PGCs). The pipette solution for whole cell current-clamp recordings and voltage-clamp recordings of EPSCs contained the following (in mM): 120 K-gluconate, 8 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 HEPES, 5 EGTA, 3 Na 2 ATP, 0.3 Na 3 GTP, and 0.1% biocytin (pH 7.3) and, for MCs, 0.2% lucifer yellow (Sigma) to visualize their dendrites. Voltage-clamp recordings of IPSCs were obtained with a pipette solution containing the following (in mM): 120 Cs-methanesulfonate, 15 CsOH, 5 MgCl 2 , 10 HEPES, 5 EGTA, 5 Tris-phosphocreatine, 3 Na 2 ATP, 0.3 Na 3 GTP, and 5 QX-314 (pH 7.3). HEPES-buffered, glucose-free ACSF (in mM: 140 NaCl, 10 HEPES, 2.5 KCl, 1.25 NaH 3 PO 4 , 2 CaCl 2 , and 2 MgCl 2 ; pH 7.3) was used as pipette solution for cell-attached recordings. Signals were amplified with a Multiclamp 700B amplifier, sampled at 10 kHz, filtered at 3 kHz, acquired using a Digidata 1322A digitizer, and analyzed using pClamp9 or pClamp10 (all Molecular Devices). Only recordings in which the series resistance was Ͻ30 M⍀ and changed Ͻ30% during the recording were included in the data analysis. No series resistance compensation was employed. All membrane potentials were corrected for the appropriate liquid junction potential (calculated using the liquid junction potential calculator in pClamp). For all voltage-clamp recordings of EPSCs and IPSCs, the membrane potential was held at Ϫ60 and 0 mV, respectively. During application of 5HT, input resistance was monitored using brief voltage steps (50 ms, ϩ or Ϫ5 mV, delivered at 0.3-1 Hz). In current-clamp recordings, input conductance was measured using brief hyperpolarizing current injections (50 ms, 2-10 pA, 0.3 Hz). For quantifying 5HT-induced spike rate changes, a randomly generated current pattern (5 s, ϳ200 Hz, amplitude scaled so that recorded cell would respond by spiking at ϳ5 Hz) was injected into the recorded cell every 10 s, while 5HT was bath applied. Average spike frequency was calculated by averaging five traces each in control, 5HT, and during washout of 5HT.
Drugs were applied locally via a picospritzer (for recordings of LLDs and spikes in MCs only) or via bath application (all other recordings). Microinjection of drugs into a target glomerulus was performed using 30 psi pneumatic pressure applied for 2 ms (via a picospritzer; General Valve) at a frequency of 0.2 Hz to produce a "steady-state" drug concentration within the glomerulus (Shao et al. 2012; Hsieh and Puche 2015) . Mechanical stress within the tissue due to puffing had no effect on spike rate. Injection pipettes were made from thick wall borosilicate glass with filament (inner diameter: 0.75 mm, 6-m tip opening; Sutter Instruments). These parameters were calibrated to deliver an injection volume of Ͻ20 nl. The target glomerulus was identified as the one containing the lucifer yellow filled apical dendritic tuft of the recorded MC. We applied constant current electrical stimulation (0.5 ms, 20 -35 A; PG4000A Digital Stimulator and SIU91 stimulus isolator; Cygnus Technology) using dual barrel glass microelectrodes (borosilicate Theta glass, 5-to 10-m tip; Sutter Instruments) filled with ACSF. Stimulating electrodes were positioned in the ON layer slightly anterior to the glomerulus containing the MC's apical dendrite. Glomerular responses evoked by electrical stimulation have a narrow dynamic range. Stimulation intensity was chosen such that EPSCs were evoked in MCs in Ͼ95% of trials (Shao et al. 2012) . Puff and stimulation electrodes were pulled on a P-97 Flaming-Brown puller (Sutter Instruments).
Drugs. (Shao et al. 2009; Kiyokage et al. 2010) . Our experiments with spiperone did not involve ON stimulation; thus block of D2Rs had little or no impact on our findings. Data analysis. Data are reported as means Ϯ SE. Statistical significance was assessed using paired or unpaired Student's t-tests to compare two groups, and ANOVA with a Tukey post hoc test to compare three groups. As normalcy testing can be inherently unreliable on smaller sample sizes, we repeated data analysis using nonparametric tests: Mann-Whitney U-tests to compare two unpaired groups, Wilcoxon signed-rank tests for two paired groups, and Kruskal-Wallis tests for comparison of three groups (not shown). In all cases, significance levels were the same or higher than those obtained with the parametric tests, confirming the robustness of our findings. EPSCs and IPSCs were detected and analyzed using the custom software wDetecta (http://huguenardlab.stanford.edu/apps/ wdetecta). Detection parameters were adjusted on a per cell basis to accurately detect events. The reversal potential of the 5HT response in SACs and MCs was estimated using the brief voltage steps to measure input resistance. From measurements of the 5HT-evoked current at Ϫ60 and at Ϫ65 mV, we created a simple, two-step current-voltage curve assuming the simple addition of linear membrane conductances (Mattis et al. 2014) .
RESULTS
ON terminals synapse onto output neurons and M/TCs and onto glomerular interneurons, which regulate MC output. These interneurons include ETCs, which are excitatory, and PGCs and SACs, which are inhibitory. ETCs monosynaptically excite MCs and the majority of SACs and PGCs. PGCs synapse within a single glomerulus, while SACs have intraand interglomerular projections, linking upwards of 100 glomeruli. Serotonergic fibers from the dorsal and median raphe nuclei form synaptic contacts onto both excitatory and inhibitory glomerular interneurons (Gracia-Llanes et al. 2010 ), but the cell-type targets are unknown. Glomerular interneurons synapse with each other by axodendritic and dendrodendritic contacts. The impact of 5HT on this circuitry, schematized in Fig. 1 , was investigated with whole cell recordings of genetargeted specific cell types.
5HT directly depolarizes SACs but not PGCs. To determine if 5HT has direct effects on PGCs and/or SACs, we performed voltage-clamp recordings at Ϫ60 mV (close to the average recorded resting membrane potential in SACs of Ϫ60.3 Ϯ 1.1 mV, n ϭ 46) and bath applied 50 M 5HT. In all recorded SACs, 5HT reversibly evoked inward currents, regardless whether recordings were obtained in ACSF (Ϫ7.0 Ϯ 1.1 pA, P Ͻ 0.05, n ϭ 9 cells) or ACSF containing ionotropic receptor blockers to isolate SACs from circuit effects (Ϫ11.9 Ϯ 3.6 pA, P Ͻ 0.01, n ϭ 8 cells; Fig. 2A ; D-APV, DNQX, and picrotoxin to block NMDA, AMPA/kainate, and GABA A receptors, respectively: "synaptic blockers"). In addition, 5HT reversibly decreased the input resistance of SACs (Ϫ12.7 Ϯ 2.8% with blockers; Ϫ11.2 Ϯ 3.3% without blockers, n ϭ 8 each; from 735 Ϯ 184 to 608 Ϯ 131 M⍀, P Ͻ 0.05; Fig. 2C ), indicating net opening of ion channels. The selective 5HT 2C -receptor antagonist SB242084 (10 M) completely blocked the 5HT-mediated current in SACs (SB242084: Ϫ0.5 Ϯ 0.9 pA, n ϭ 6; Fig. 2B ) and associated decrease in input resistance (Ϫ3.2 Ϯ 1.9% in SB242084, n ϭ 4; Fig. 2C2 ). By contrast, the selective 5HT 2A -receptor antagonist 4F4PP had no effect on the evoked current (4F4PP: Ϫ10.2 Ϯ 3.3 pA, n ϭ 4, P ϭ 0.84 vs. 5HT only; Fig. 2B ).
This modest direct 5HT current in SACs predicts only a small depolarization of the membrane potential (mean calculated depolarization: 4.4 Ϯ 0.6 mV, n ϭ 16). In agreement with this, current-clamp recordings of SACs showed a small but significant depolarization in 5HT (2.4 Ϯ 0.3 mV; n ϭ 7, P Ͻ 0.01; not shown). We estimated the reversal potential for the 5HT current to be Ϫ26.2 Ϯ 5.9 mV (Mattis et al. 2014 , see MATERIALS AND METHODS). Thus it is consistent with a mixed cation conductance and has a greater driving force at more negative resting membrane potentials.
By contrast with its direct action in SACs, 5HT evoked no direct current in PGCs (ϩ1.08 Ϯ 1.08 pA, n ϭ 20, P ϭ 0.33; Fig. 2D ; average V m ϭ Ϫ58.6 Ϯ 2.1 mV, n ϭ 21) nor did it alter their input resistance (Ϫ1.1 Ϯ 3.2%, n ϭ 13, from 1,545 Ϯ 372 to 1,546 Ϯ 402 M⍀; P ϭ 0.798). These results show that 5HT directly depolarizes SACs via activation of 5HT 2C receptors but has no measurable direct effect on identified PGCs.
5HT increases glutamatergic and GABAergic synaptic activity. To determine the effects of serotonin on glomerular synaptic activity, we recorded spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs and sIPSCs) in PGCs and SACs. Direct 5HT excitation of ETCs should increase sEPSCs in both cell types. As synaptic interactions among glomerular GABAergic cells have been reported (Murphy et al. 2005) , increased ETC excitatory drive onto GABAergic neurons might indirectly enhance sIPSC frequency in SACs and PGCs.
Serotonin increased the frequency of sEPSCs in SACs by 83 Ϯ 29% (n ϭ 10, P Ͻ 0.05) and in PGCs by 132 Ϯ 27% (n ϭ 11, P Ͻ 0.01; Fig. 3, A and B) . Neither the kinetics nor amplitude of sEPSCs was altered in either cell type (Table 1) , consistent with a change in presynaptic activity. We hypothesized that the increased sEPSC frequency is due to serotonergic excitation of ETCs and possibly MCs. Indeed, applying 5HT in the presence of 4F4PP, which blocks 5HT2 A receptors selectively on ETCs (see below), resulted in a significant attenuation of the sEPSC increase in PGCs by ϳ80% (38.6 Ϯ 9.6% increase in 4F4PP vs. 132 Ϯ 27% in control, n ϭ 6, P Ͻ 0.05 vs. control; Fig. 3C ). Addition of spiperone (see MATERIALS AND METHODS), which blocks the 5HT 2A -mediated current in MCs and ETCs completely abolished the sEPSC increase (n ϭ 6, P Ͻ 0.001 vs. control; Fig. 3, D and E) . This suggests that the increased excitatory drive onto glomerular interneurons is due to activation of 5HT 2A receptors, on ETCs and other glutamatergic cells, likely MCs and possibly deep tufted cells.
5HT also strongly increased sIPSC frequency by 171 Ϯ 41% in SACs (n ϭ 6, P Ͻ 0.05) and 365 Ϯ 128% in PGCs (n ϭ 7, P Ͻ 0.05; Fig. 4, A and B) . Neither the kinetics nor amplitude of sIPSCs was altered, consistent with presynaptic action. If the Fig. 1 . Schematic of glomerular circuitry depicting neuron subtypes, connectivity, and serotonin (5HT) receptors. Olfactory sensory nerve (ON) terminals synapse onto output neurons and mitral and tufted cells (M/TCs) and the 3 major classes of juxtaglomerular neurons: glutamatergic external tufted cells (ETCs), GABAergic periglomerular cells (PGCs), and GABAergic/dopaminergic short axon cells (SACs). PGCs synapse within a single glomerulus while SACs have intra-and interglomerular projections, linking upwards of 100 glomeruli. Serotonergic fibers from the dorsal and median raphe nuclei form synaptic contacts onto ETCs and MCs (via 5HT2A receptors) and onto SACs (via 5HT2C receptors). A: laminar distribution of neuron types. B: wiring diagram depicting connectivity between neuron classes (red, GABAergic; blue, glutamatergic; green, serotonergic). 5HT IN OB GLOMERULI sIPSC increase were primarily due to increased excitatory drive onto GABAergic neurons, it should be reduced by blocking ionotropic glutamate receptors (iGluRs). Consistent with this, NMDA-and AMPA/KA-receptor blockers (D-APV and DNQX, respectively) attenuated the sIPSC frequency increase in PGCs by ϳ75% (91.6 Ϯ 38.6% increase in iGluR blockers, n ϭ 6; Fig. 4C ). The residual sIPSC increase was eliminated by the 5HT 2C -receptor blocker SB242084 (P Ͻ 0.05 vs. control, n ϭ 6; Fig. 4D ), indicating direct activation of 5HT 2C receptors on SACs. Taken together, these results show that 5HT increases intraglomerular GABAergic synaptic activity via two mechanisms: 1) boosting excitatory drive onto interneurons, and 2) direct action on 5HT2 C receptors, most likely on SACs (Fig. 4E) .
5HT selectively reduces PGC spiking. 5HT increases both sEPSC and sIPSC frequency in PGCs and SACs. Moreover, GABA may inhibit, shunt, or even excite glomerular interneurons (Parsa et al. 2015 ). Thus it is not obvious how 5HT might 5HT-evoked responses in SACs. A1: voltage-clamp recording showing that 5HT (50 M) induces an inward (depolarizing) current in a SAC; NMDA, AMPA, and GABA A receptors were blocked during this recording. A2: summary of data for all recorded SACs (no blockers: n ϭ 9; blockers: n ϭ 8; *P Ͻ 0.05; **P Ͻ 0.01, paired t-tests). B: 5HT 2C -receptor dependence of the 5HT response in SACs. B1: SB242084 (5HT 2C -receptor antagonist) blocks the 5HT-evoked inward current (top), while 4F4PP (5HT 2A -receptor antagonist) does not affect 5HT response (bottom). B2: average 5HT-evoked currents. Control values represent all recorded SACs, with and without synaptic blockers. *P Ͻ 0.05; t-test compared with 5HT. C: 5HT decreases SAC input resistance. C1: response of a SAC to a brief (50 ms) 5-mV test pulse. Change in holding current is larger in the presence of 5HT. C2: 5HT (50 M) caused a ϳ10% decrease in input resistance both in the presence (n ϭ 8, red) and in the absence (n ϭ 8, blue) of blockers of fast synaptic transmission. 5HT-mediated decrease in input resistance blocked by SB242084 (purple). *P Ͻ 0.05, paired t-test. D: 5HT did not evoke responses in PGCs. D1: voltageclamp recording in a PGC showing lack of 5HT-evoked current; NMDA, AMPA and GABA A receptors were blocked during this recording. D2: summary of data for all recorded PGCs (no blockers: n ϭ 14; blockers: n ϭ 6).
impact PGC and SAC spiking. To investigate this question we made cell-attached recordings to maintain normal chloride reversal potentials. In cell-attached recordings, 12/15 SACs were silent in ACSF and with 5HT added; 5HT caused no significant change in the 3 active cells (not shown). One third of PGCs (8/24) exhibited spontaneous spiking (mean frequency: 5.1 Hz, range: 0.08 -14 Hz), consistent with previous findings (Shao et al. 2009 ). 5HT decreased the firing rate by 48.9 Ϯ 10.3% (P Ͻ 0.05; Fig. 5A ) in spontaneously active PGCs. As 5HT had no direct effect on PGCs, we attribute the decreased spiking in 5HT to glomerular network effects that increase net inhibition.
We also assessed the effect of 5HT on ON-evoked PGC spiking measured in cell-attached mode. ON stimulation (1.2-1.5xT) evoked up to four spikes in control conditions with latencies (first spike) ranging from 4 to 30 ms (n ϭ 9, not shown). In five out of nine PGCs, 5HT reversibly decreased spike latency (Ϫ22 Ϯ Ϫ11%) and increased the mean number of spikes per stimulation (11 Ϯ 3%), while in the remaining four cells it had the opposite effect (30 Ϯ 11% increase in spike latency, 17 Ϯ 5% reduction in number of spikes). However, across all cells, 5HT did not significantly alter the mean spike latency or number of spikes per stimulation (1.4 Ϯ 11.6 and Ϯ 6.0%, respectively). This contrasts with the consistent inhibition of spontaneous PGC spiking and indicates that 5HT mainly affects baseline but not ON-evoked PGC activity.
5HT increases synaptic release independent of action potentials. Serotonin directly depolarizes SACs but does not increase their spike output. To further investigate if the direct 5HT 2C current in SACs increased their excitability, we induced spiking in synaptic blockers by injecting random current patterns to mimic synaptic inputs. This obviated serotonergic modulation of glomerular network activity, thus isolating its direct action on SACs. We found that 5HT had no effect on induced spiking (Fig. 5B) . Serotonin depolarizes SACs, thus increasing their excitability by moving them closer to spike threshold. At the same time, it also reduces their input resistance, which decreases excitability by making them less re- black circles, average; *P Ͻ 0.05, paired t-test comparing control vs. 5HT). sEPSC increase is completely blocked, indicating that it is entirely 5HT 2A -receptor mediated. E: summary data showing 5HT-evoked change in sEPSC frequency in control, 4F4PP, and spiperone. *P Ͻ 0.05 for control vs. 4F4PP; **P Ͻ 0.01 for control vs. spiperone (ANOVA). 5HT IN OB GLOMERULI sponsive to synaptic inputs. These combined opposing actions evidently do not alter net SAC excitability. However, despite having no impact on spike frequency, 5HT 2C -receptor activation significantly increased GABA release from SACs (Fig.  4C) . This raised the possibility that serotonin mediates spikeindependent GABA release from SAC synapses.
Presynaptic release sites located on dendrites are a prominent feature of OB circuits (Kasowski et al. 1999) . OB dendrodendritic synapses support action potential-independent neurotransmission (Jahr and Nicoll 1982; Aroniadou-Anderjaska et al. 1999; Murphy et al. 2005; Masurkar and Chen 2012; D'Souza et al. 2013; Stroh et al. 2014 ). Thus we reasoned that 5HT might induce synaptic GABA release independent of action potentials. To investigate this, we recorded miniature IPSCs (mIPSCs) in ETCs, which receive inhibitory inputs exclusively from glomerular interneurons (Hayar et al. 2004; Shao et al 2012) . Accordingly, ETCs are "sensors" of glomerular circuit inhibition. mIPSCs were recorded in the presence of 1 M TTX to eliminate sodium channel-mediated action potentials, and iGluR antagonists were applied to block excitatory network activity. Under these conditions, 5HT evoked a ϳ68% increase in mIPSC frequency (9.4 Ϯ 2.5 Hz in control vs. 15.8 Ϯ 3.3 Hz in 5HT, n ϭ 7, P Ͻ 0.05). This increase was abolished by the 5HT 2C antagonist SB242084, indicating direct 5HT action on SACs (6.8 Ϯ 2.4 Hz in 5HTϩSB242084; n ϭ 7, P ϭ 0.36 vs. control; Fig. 6 ). 5HT also increased mIPSC frequency in three out of three SACs and three out of nine PGCs (baseline: 0.41 Ϯ 0.05 Hz, 5HT: 7.62 Ϯ 1.29 Hz, P Ͻ 0.05; Fig.  6 ), showing that spike-independent GABA release may target other glomerular neuron types as well. Taken together, these results show that activation of 5HT 2C receptors directly evokes intraglomerular GABA release in the absence of somatic action potentials.
Glomerular 5HT increases spontaneous MC spiking. Previous studies reported that 5HT may depolarize MCs via 5HT 2A -receptor activation (Hardy et al. 2005; Schmidt and Strowbridge 2014) , leading to increased spike rates. Indeed, we found that in the presence of fast synaptic blockers, 5HT caused a depolarizing current in all MCs tested (Ϫ246 Ϯ 50 pA, n ϭ 13; Fig. 7A ). It also increased MC input resistance (ϩ72.8 Ϯ 26.7%, n ϭ 6; Fig. 7B ) with an estimated reversal potential of Ϫ110 Ϯ 13 mV (n ϭ 6; not shown), consistent with a potassium conductance.
Fortuitously, the direct 5HT current in MCs was insensitive to 4F4PP (5HT-induced current in 4F4PP: Ϫ214 Ϯ 57 vs. Ϫ246 Ϯ 50 pA in control, n ϭ 4) but was completely abolished by the 5HT 2A -receptor blocker spiperone (5HT-induced current in spiperone: Ϫ3.0 Ϯ 6.9 pA, n ϭ 3; Fig. 7E2 ). Both 4F4PP ) and spiperone (data not shown) block the 5HT 2A -receptor current in ETCs. Thus we could selectively block the 5HT 2C current in ETCs without altering it in MCs.
How do serotonin's actions on the glomerular circuit impact MCs? To investigate this, we recorded both spontaneous and ON-evoked spiking while delivering 5HT puffs (see MATERIALS AND METHODS) to the glomerulus containing the MC's apical dendrite (Fig. 7C) . By restricting 5HT-application to the apical dendrite, we avoided confounding effects of direct somatic depolarization (see above) or inhibition by granule cells. MCs spontaneously generate LLDs, which support bursts of action potentials, driven largely by synchronous glomerular synaptic activity, primarily from ETCs (Carlson et al. 2000; Heyward et al. 2001; Schoppa and Westbrook 2001; Gire and Schoppa 2009 ). ON stimulation evokes MC spiking due both to monosynaptic excitation of MCs and feed-forward excitation from ETCs (Zhou and Belluscio 2008; De Saint Jan et al. 2009; Shao et al. 2009 Shao et al. , 2012 Najac et al. 2011; Gire et al. 2012) . Glomerular 5HT puffs significantly increased LLD frequency (control: 0.37 Ϯ 0.10 vs. 5HT: 0.50 Ϯ 0.10 Hz, P Ͻ 0.05, n ϭ 6; Fig.  7F1 ) and duration of LLD-associated spike bursts (419 Ϯ 128 vs. 786 Ϯ 189 ms, P Ͻ 0.01, n ϭ 7; Fig. 7F2 ) and strongly increased spontaneous MC spiking (control: 4.2 Ϯ 2.0 Hz, 5HT: 11.6 Ϯ 3.6 Hz, n ϭ 7, P Ͻ 0.05; Fig. 7F3 ).
Increased MC spiking was not due to somatic depolarization, because the glomerular puffs, which were restricted to the MC's apical dendrite, had no effect on MC membrane potential (control: Ϫ55.50 Ϯ 2.75 mV, 5HT: Ϫ55.10 Ϯ 2.89 mV, n ϭ 6, P ϭ 0.31; not shown). Instead, the increased MC spiking may be attributed to two actions of 5HT: 1) increased feedforward excitation from ETCs, and 2) inhibition of PGC spiking, which reduces tonic intraglomerular inhibition of MCs . In contrast, 5HT had only a modest effect on the maximal ON-evoked MC spike rate. Evoked spiking increased significantly during the first a 25 ms after the stimulus (control: 46.9 Ϯ 6.1 Hz, 5HT: 59.0 Ϯ 8.3 Hz, n ϭ 7, P Ͻ 0.05; Fig. 7F4 ). However, there was no significant difference when using longer analysis windows (50 and 100 ms; not shown), and there was no difference in the decay of spiking back to baseline (control: decay ϭ 394 Ϯ 125 ms, 5HT: decay ϭ 554 Ϯ 161 ms, n ϭ 7, P ϭ 0.18; Fig. 7E, inset) . Additionally, subtracting spontaneous from evoked spike rates eliminated the difference between control and 5HT conditions (evoked-baseline; control: 42.6 Ϯ 5.4 Hz, 5HT: 47.5 Ϯ 6.7 Hz, P ϭ 0.18, n ϭ 7; not shown). Thus the increase in evoked spiking may be attributable primarily to increased baseline activity, indicating that serotonin preferentially acts on the glomerular network to increase spontaneous MC firing.
DISCUSSION
Despite its dense innervation of OB glomeruli, the role of serotonin in glomerular processing is poorly understood. Recently, we showed that 5HT increases spike burst frequency in ETCs, key glomerular excitatory interneurons ). Here, we investigated 5HT actions on the two main classes of glomerular inhibitory interneurons, PGCs and SACs, and assessed how its direct and network actions combine to modulate glomerular output. Taken together, our findings show that 5HT 1) directly depolarizes SACs, MCs, and ETCs but has no direct effect on PGCs; 2) increases spontaneous excitatory and inhibitory synaptic inputs onto PGCs and SACs; a significant proportion of the increased excitatory input derives from ETCs; 3) increases sIPSCs by enhancing excitatory drive onto interneurons; 4) evokes, direct action potential-independent GABA release from SACs; and 5) the net effect of 5HT on the glomerular circuit is to increase spontaneous MC spiking.
Differential actions on the two classes of glomerular inhibitory interneurons. By using targeted cell type-specific expression of GFP we were able to determine if 5HT acts directly on SACs or PGCs, the two principal glomerular inhibitory neurons. Serotonin directly depolarizes SACs through activation of 5HT 2C receptors but has no measurable direct action on PGCs. The lack of a direct 5HT action on PGCs contrasts with a previous report (Petzold et al. 2009 ) that 5HT activated presumptive PGCs identified by coexpression of 5HT 2C receptors with GAD65. However, as a subset of SACs coexpress the GAD65-GFP transgene in addition to GAD67 and tyrosine hydroxylase , iGluR blockers/50 M 5HT, and wash. C2: sIPSC frequency in PGCs in iGluR blockers (grey lines, different cells; black circles, average; *P Ͻ 0.05, paired t-test comparing control vs. 5HT). Partial block of sIPSC increase by iGluR blockers indicates a significant contribution from increased excitatory drive onto interneurons. D: remaining sIPSC frequency change is due to 5HT2C-receptor activation. D1: voltage-clamp sIPSC recording in a PGC in iGluR blockers/20 M SB242084, iGluR blockers/20 M SB242084/50 M 5HT, and wash. D2: sIPSC frequency in PGCs in iGluR blockers/SB242084 (grey lines, different cells; black circles, average). sIPSC increase is completely blocked, indicating that the it is 5HT 2C -receptor mediated, likely via activation of GABA release form SACs. E: summary data showing 5HT-evoked change in sIPSC frequency in control, in iGluR blockers (APV/DNQX) and in iGluR blockers ϩ SB242084. *P Ͻ 0.05 for control vs. APV/DNQX/SB242084 (ANOVA). 5HT IN OB GLOMERULI Action potential-independent GABA release. A striking feature of OB circuitry is the prominence of dendrodendritic synapses in addition to classical axodendritic synapses (Hinds 1970; Pinching and Powell 1971a,b; White 1973; Kasowski et al. 1999; Kosaka and Kosaka 2011) . Dendrodendritic synapses can support action potential-independent neurotransmission between MCs and granule cells (Jahr and Nicoll 1980; Shepherd 1998) and among neurons in the glomerular layer (Aroniadou-Anderjaska et al. 1999; Murphy et al. 2005; Masurkar and Chen 2012; D'Souza et al. 2013; Fekete et al. 2014; Liu et al. 2015; Parsa et al. 2015) .
Activation of 5HT 2C receptors on SACs did not significantly affect somatic spike generation but did increase the frequency of sIPSCs in postsynaptic targets of SACs, even when glutamatergic network effects were blocked. This increase persisted when action potentials were blocked with TTX, indicating that 5HT triggers action potential-independent GABA release from SAC presynaptic terminals. The mechanism underlying action potential-independent GABA release is unknown. 5HT 2A receptors in ETCs signal via TRP channels ) and our reversal potential results are consistent with 5HT-mediated TRP channel activation in SACs. In the lateral geniculate nucleus, 5HT activates TRPC4 channels, causing sufficient calcium influx to mediate action potential-independent GABA release (Munsch et al. 2003) . TRPC channels are also involved in action potential-independent signaling at dendrodendritic synapses between granule and MCs (Stroh et al. 2012) . Thus TRP-mediated mechanisms may be a common target of neuromodulator transmitter action at dendrodendritic synapses.
Acetylcholine, another modulatory transmitter, evokes action potential-independent GABA release from dendrodendritic synapses formed by granule cells (Castillo et al. 1999; Ghatpande et al. 2006; Pressler et al. 2007 ) and glomerular interneurons (D'Souza et al. 2013; Liu et al. 2015) . Thus two different modulatory neurotransmitters, ACh and 5HT, increase release probability from OB dendrodendritic synapses, suggesting that these synaptic arrangements may be important targets of neuromodulators in the OB. Action potential-independent GABA release raises the possibility that synaptic sites can be "decoupled" to operate independent of somatic action potentials. Thus inferring synaptic activity from measures of spiking or calcium signals warrants caution.
GABA and DA presynaptically inhibit olfactory nerve terminals via GABA B and D2 dopamine receptors (Nickell et al. 1991 (Nickell et al. , 1994 Aroniadou-Anderjaska et al. 2000; Ennis et al. 2001; McGann et al. 2005; Pirez and Wachowiak 2008; Shao et al. 2009 ). Electrical stimulation of raphe neurons enhances this GABAergic presynaptic inhibition but requires activation of 5HT 2C receptors (Petzold et al. 2009 ). This suggests that 5HT enhances GABA release, in vivo. We show that serotonin, acting via 5HT 2C receptors, increases action potential-independent GABA release from SACs. This indicates that SACs are the likely source of GABA for 5HT 2C -receptor-mediated presynaptic inhibition of olfactory sensory terminals.
5HT modulation of the glomerular network. Serotonin excites glutamatergic ETCs and MCs, which provide monosynaptic excitatory input to SACs and PGCs (Shao et al. 2009; Kiyokage et al. 2010; Najac et al. 2015) . The increase was attenuated by 4F4PP, consistent with 5HT 2A -receptor-medi- Fig. 5 . 5HT has no significant effect on SAC spiking, but decreases PGC spike rate. A: PGCs. A1: cell-attached recording of a PGC before, during, and after bath application of 5HT. Spike frequency reversibly decreased in 5HT. A2: spike frequency data for 8 spontaneously active PGCs. A3: normalized summary data for spontaneously spiking cells in A2. 5HT caused a significant reversible decrease in spike rate. *P Ͻ 0.05, paired t-test comparing control to 5HT. B: SACs. B1: current-clamp recording of a SAC in the presence of synaptic blockers. A 5-s-current pattern mimicking synaptic activity was injected before, during, and after bath application of 5HT. B2: spike frequency data for 7 SACs. B3: normalized summary data for cells in B2 showing that 5HT had no significant effect on spike rate. ated excitation of ETCs, and the residual increase was completely blocked by the 5HT 2A -receptor antagonist, spiperone (see MATERIALS AND METHODS), consistent with a contribution from MCs.
Increased excitatory drive onto interneurons should increase tonic and feedback glomerular inhibition. Indeed, 5HT increased sIPSC frequency in SACs and PGCs. Increases were strongly attenuated by iGluR block, indicating that 5HT-mediated excitation of ETCs and MCs increased excitatory drive onto GABAergic interneurons. The sIPSC increase was further reduced by block of 5HT 2C receptors, consistent with direct 5HT-mediated GABA release from SACs. However, we cannot exclude that some sIPSCs originate from 5HT2 C -mediated activation of other interneuron types, including deep short axon cells or GAD67-positive PGCs. Although serotonin increases sEPSCs and sIPSCs in both PGCs and SACs, the two cell types may integrate these inputs differently due to differences in intrinsic properties. Moreover, GABAergic synapses in glomerular interneurons may be inhibitory, shunting or even excitatory (Parsa et al. 2015) . To better understand how 5HT modulates glomerular circuit processing, more knowledge of intrinsic and synaptic properties of glomerular interneurons is needed.
Interestingly, alterations in synaptic activity evoked by serotonin were completely abolished by 5HT-receptor antagonists alone (sEPSCs) or in combination with iGluR blockers (sIPSCs). This indicates that metabotropic glutamate receptors (mGluRs) do not significantly contribute to the 5HT-induced effects reported here, despite their established role in modulating glomerular network activity (Schoppa and Westbrook 1997; Ennis et al. 2006; Castro et al. 2007; Zak et al. 2015) .
Serotonin impact on glomerular sensory processing. ETCs, SACs, and PGCs form the glomerular circuit that shapes MC output signals to all downstream olfactory networks. 5HT increases spike output of ETCs, which increases feed-forward excitation onto MCs. Simultaneously, the direct and network actions of 5HT increase GABA release from SACs and reduce PGC spiking. How might these combined excitatory and inhibitory actions modulate glomerular signal processing? PGCs synapse within a single glomerulus and provide tonic and sensory-evoked inhibition of MCs (Shao et al. 2012 , whereas SACs have extensive interglomerular as well as intraglomerular synaptic contacts (Kiyokage et al. 2012; Whitesell et al. 2013 ). Thus serotonin acting on SACs may enhance interglomerular inhibition (Banerjee et al. 2015) , while its suppression of spontaneous PGC spiking reduces tonic intraglomerular inhibition of MCs. Reduced spontaneous PGC spiking contrasts with the lack of a net effect of 5HT on ON-evoked PGC spiking. Serotonin's selective effect on spontaneous PGC activity mirrors its preferential modulation of baseline, but not evoked, MC activity.
Restricted intraglomerular puffs of 5HT increased spontaneous spiking of MCs as predicted from increased feed-forward ETC excitation and disinhibition due to reduced PGC spiking. A transient increase in evoked MC spiking was attributable to the underlying changes in spontaneous activity. Thus, by increasing background activity, glomerular 5HT effectively reduced the signal-to-noise ratio in MCs without altering their dynamic range. Increased noise may selectively affect the detection of sub-or perithreshold signals (Hasenstaub et al. 2007) . Increased excitation alone (via ETCs) would likely lead to a decrease in the dynamic range of MC responses to ON stimulation, but the concomitant augmentation of GABA release from SACs may counteract this (Pouille at al. 2009 ). Combined with somatic depolarization and increased input resistance, serotonin may thus selectively enhance MC responsiveness to weak signals while maintaining responsiveness to stronger inputs. Fig. 7 . Glomerular 5HT increases baseline spiking in MCs. A: direct effect of bath-applied 5HT on MCs. A1: 5HT (50 M) evokes an inward current that is not affected by the 5HT 2A -receptor antagonist 4F4PP (top) but blocked by the 5HT 2A -receptor antagonist spiperone (bottom; 20 M each). A2: average 5HT-evoked current in control conditions (n ϭ 13), with 4F4PP (n ϭ 4) and with spiperone (n ϭ 3). B: bath-applied 5HT increases input resistance in MCs. B1: tesponse of an MC to a brief (50 ms) Ϫ5-mV test pulse. Change in holding current is smaller in the presence of 5HT. B2: summary data showing normalized input resistance in MCs before, during and after 5HT application. Input resistance nearly doubles in control conditions (black), but this increase is abolished in the presence of spiperone (grey). C: Schematic of experiment. MCs were recorded and electrical stimulation was delivered to the ON to activate the recorded MC; 5HT was puffed into the glomerulus containing the MC's apical dendrite. D, top: current-clamp recording from a MC in control artificial cerebrospinal fluid (ACSF; black trace), and with glomerular 5HT puffs (red trace). Cell responds to electrical stimulation of the ON (lightning bolt) with a spike burst. Bottom: raster plot showing increased MC spike rate during glomerular 5HT puffs. Puffs (0.2 Hz) and electrical stimuli (0.1 Hz) indicated above. E: peristimulus time histograms showing average spike rates averaged in 50-ms bins. Spike rates were normalized to baseline spiking (average spiking in all sweeps 2 s before electrical stimulus) in control conditions for each cell. Black, control; red, 5HT; shaded areas, SE. Electrical stimuli to the ON were delivered at t ϭ 0. 5HT increases MC spiking without affecting response magnitude. Inset: zoom-in showing that spike rates decay back to baseline along similar time courses in control and 5HT (black, control; red, 5HT; normalized to peak spike rate; 50-ms bins; single exponential decay fit). F: summary of effects of glomerular 5HT on MCs. Glomerular 5HT increased duration (F1) and frequency (F2) LLDs. Spontaneous spiking was significantly increased (F3), as was evoked spiking (F4), but only when using 25-ms analysis bins without subtracting baseline activity. Grey, individual cells; black circles, average. *P Ͻ 0.05, **P Ͻ 0.01; paired t-test.
